Abstract
Introduction
Various detrimental factors may affect the respiratory tract. They include biological agents: bacteria, fungi, viruses or allergens, but also chemical and physical constituents of air pollution, with highly toxic chemical compounds of tobacco smoke. All of those factors may engage mechanisms of both, innate and acquired immunity [1, 2] . Despite diverse characters of mentioned factors, both mechanisms lead to a development of inflammatory reaction, which involves mucosa and submucosa of the airway system. However, in case of any problem with regulation of immune response, or at a permanent exposure to the damaging agents, the first defense line of the innate immunity may fail [3] . This condition may predispose to the conversion of acute inflammatory reaction into its chronic form.
Inflammation and epithelium
Although the main role of immune response should be the elimination of the trigger -pathogen or inducing factor, nevertheless, it also may affect surrounding tissues. The inflammatory reaction, depending on its severity and duration, may result in transient disability, or in worse cases, permanent damage of affected tissues [4] . In respiratory tract, the mild inflammatory response will modify the composition and biophysical properties of mucus and increases the number of mucosa-infiltrating leukocytes. Usually, it is also accompanied by various morphological and functional changes in epithelium [5] . The enhanced intensity of inflammatory reaction in mucosal and submucosal connective tissue may lead to its remodeling and fibrosis.
Numerous studies with the use of in vitro cultured ciliated epithelium and ex vivo observations have shown, that various proinflammatory factors may affect the process of formation and regeneration of cilia, known as ciliogenesis [6] [7] [8] . Therefore, at the beginning, epithelial cells may reveal some reversible abnormalities in structure and function of their cilia. From practical point of view it may be clinically relevant as potential target of various therapeutic approaches, hence, in this review authors would focus mainly on this issue. Noteworthy, further aggravation of epithelial cells results in complete loss of their cilia and reprogramming of epithelial precursor/stem cells differentiation from mucus-secreting, pseudostratified cuboidal, into the squamous stratified epithelium. This change is known as squamous epithelial metaplasia [9] . The prolonged exposure to the irritant, e.g. cigarette smoke, while DOI: 10.5114/ceji.2013.34369 affecting epithelial stem cells, may further result in neoplastic transformation of epithelium [10, 11] .
Cilia
Normal cilia are present on ciliated epithelia of respiratory system and oviduct, or as a single flagellum in spermatozoon (sperm cell). They are composed of axoneme core, which is covered by phospholipid bilayer of cell membrane. The axoneme is formed by two central microtubule singlets surrounded by the ring of nine microtubule doublets with attached accessory proteins (Fig. 1A) [2, 12, 13] . This normal structure is usually described as "9 + 2" pattern. The proximal part of cilium core, which is anchored in cytoplasm, is formed by a ring of nine microtubule triplets, without central microtubules, and is known as the basal body (Fig. 1B, C, respectively) . The transition zone between the basal body and the axoneme was recognized as the docking place for numerous proteins, including dyneins, kinesin and many others, which participate in bidirectional transport within the cilium [13, 14] . The normal cilia display coordinated, wave-like, two-phase movement with a mean frequency of approx. 12 Hz. This movement enables the mucus transport with the average speed up to 30 cm/h [2, 12, 15] .
Interestingly, besides previously mentioned motile cilia, majority of cells in human body contain on their apical surface the single immotile cilium, known as primary cilium [13, 14, 16] . Primary cilia are considered as cellular sensors for physical and biochemical extracellular signals. Their structure is described as "9 + 0" pattern, that corresponds to nine microtubule doublets, without central singlets [14] .
Ciliogenesis
The formation and regeneration of cilia is controlled in a course of ciliogenesis. Usually, ciliogenesis is described as a process divided into four stages: 1) duplication of centrioles; 2) migration of centrioles to the apical cell surface and formation of basal bodies; 3) elongation of microtubules to form the cilium core, the axoneme; and 4) formation of accessory structures of basal bodies [13, 17] .
Although the ciliogenesis is considered as strictly controlled event within the cell, nevertheless, it is not free of various errors. Abnormal cilia may be repaired or fall off from the epithelium. Therefore, under normal conditions they are encountered in mature ciliated cells rather rarely. However, as mentioned previously, the prolonged stress may result in impaired ciliogenesis and formation of abnormal cilia, including compound and/or swollen cilia [16, 17] .
The compound cilia are those, which contain multiple axonemal structures enclosed by a common membrane of phospholipid bilayer. Depending on the arrangement of the axonemes, compound cilia are divided into two types: the type 1, composed of densely embedded axonemes, that is named the adhesive type, and the type 2, containing loosely and randomly arranged axonemes, which is known as the bulging type [17] .
Swollen cilia display balloon-like enlargements with excessive cytoplasmic matrix in various parts of the ciliary shafts. Usually, the structure of axoneme retains the normal "9 + 2" pattern, nevertheless, in swollen parts of cilia the microtubules may be dislocated [17] . The enlargements are formed during cilia protruding by accompanying the apical cytoplasmic matrix. The matrix of swollen parts may con- 
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Chronic inflammation in the respiratory tract and ciliary dyskinesia tain tubulin or other axoneme components. Most often, these portions disappear from the shafts, when the cilia grow and elongate.
Ciliary dyskinesia
The disturbances in ciliogenesis, leading to impairment in cilia structure and function may result from ciliopathy, the large and heterogenous group of genetically determined diseases, including Kartagener syndrome, polycystic kidney disease, Alström syndrome, Bardet-Biedl syndrome, nephronophthisis, and many others [14, 16, 18] . On the other hand, the abnormal function of cilia, commonly known as the ciliary dyskinesia, may be secondary to various problems in cilia formation and elongation. Depending on the origin of these impairments, ciliary dyskinesia may be divided into a primary and secondary form [12, 19] .
Primary ciliary dyskinesia
The primary ciliary dyskinesia (PCD), also known as Kartagener syndrome, is an inherited, genetically determined disease, with the estimated incidence 1 in 32 000, up to as high, as 1 in 15 000 [20, 21] . Primary ciliary dyskinesia is associated with occurrence of several characteristic symptoms, among them -an increased susceptibility to recurrent infections of respiratory tract. However, these symptoms result from impaired movement of cilia, which is secondary to various abnormalities in cilia structure.
Primary ciliary dyskinesia is caused by diverse mutations, predominantly (approx. 80-90% of all PCD cases) in genes encoding for dynein motor proteins. Interestingly, the most frequent (approx. 38% of all PCD patients) are two mutations of dynein genes, DNAI1 and DNAH5 [22, 23] . Several other PCD-associated mutations described so far include: DNAH11, TXNDC3, DNAI2, KTU, RSPH4A, RSPH9, LRRC50, etc. [12, [23] [24] [25] .
Secondary ciliary dyskinesia
In contrast to PCD, the mechanism of development of secondary ciliary dyskinesia (SCD) represents an opposite order. The intrinsic factors or external triggers induce inflammatory reaction in mucosa of the respiratory tract. Then, chronic stimulation/irritation of epithelial cells may lead to loss of already formed cilia and impairs the ciliogenesis. As the result, may appear atypical, de novo growing cilia, which reveal the abnormal movement pattern [12, 17, 19] . Obviously, the impaired cilia movement significantly increases the susceptibility to further infection [2] . Therefore, the SCD is much more frequent than PCD, since practically it may develop in each individual exposed to respective stimuli [26, 27] .
"Modifiers" of cilia movement
The key players of inflammatory reaction -macrophages, neutrophils, eosinophils, lymphocytes and epithelial cells express and release a cocktail of cytokines, which regulate the immune response. On the other hand, these cytokines may also influence the activity of cilia. It was proven, that IL-1β and tumor necrosis factor (TNF) stimulated the cilia motility [28] , whereas IL-6, IL-8 and IL-13 significantly decreased the frequency of cilia movement [29] [30] [31] [32] . In addition to the impaired cilia motility, IL-13 induced mucous cells hyperplasia and hypersecretion of mucus, thus, further affecting the mucociliary clearance [32] .
Besides the cytokines, it was found that the cilia movement may also be influenced by pH and temperature. The low values of pH or temperature decreased frequency of cilia beats. Oppositely, higher pH or increased temperature resulted in increase of ciliary motility [33, 34] . Likewise, the various medication may modify the cilia activity. It was found that decreased cilia movement may result from topical use of steroids [35] , some antibiotics, antimycotics, or antiseptics [36] .
On the other hand, the increase of cilia motility may be achieved by application of prostacyclin [37] , a neuromodulatory peptide -substance P (SP) [38] , or methacholine, a non-selective agonist of cholinergic (muscarinic) receptors [39] . Also, it has been proven that cilia beats frequency may increase following the activation of adrenergic and purinergic receptors [15, 40] . Furthermore, numerous other external factors may influence the cilia motility and ciliogenesis in both, direct and indirect manner. Among a broad range of air pollution constituents, an important position have toxic components of tobacco smoke [27, 41, 42] . In addition to well documented negative direct influence on a structure and motility of cilia it was proven that tobacco smoke components decrease the cilia number [43, 44] , and affect their regeneration [45] . The negative action of tobacco smoke-related factors on cilia and ciliogenesis may involve the impaired expression of several regulatory/proinflammatory cytokines in epithelial cells. It has been demonstrated that acrolein from tobacco smoke decreased expression of chemokine IL-8 and defensin β-2 in epithelial cells [46] . Moreover, mentioned tobacco smoke-related factors stimulated secretion of mucins with simultaneous decrease of mucus hydration, thus resulting in increased viscosity and density of mucus [47, 48] .
Also, several bacterial toxins have been proven to affect cilia motility. It was found that Streptococcus pneumoniae-derived pneumolysins and toxins of Haemophilus influenzae decreased ciliary beats frequency [49] [50] [51] . Similar influence on cilia activity may also reveal some toxins of other common pathogens: Pseudomonas aeruginosa and Staphylococcus aureus, as well as some viruses responsible for respiratory tract infections [52] . Through cilia immobilization, or their loss, that is associated with impairment of mucociliary clearance, the mentioned toxins facilitate bacterial colonization of mucus and support the progression of inflammatory process towards the chronic form [50, 53] .
Recognition of ciliary dyskinesia
As mentioned previously, the secondary form of ciliary dyskinesia may affect potentially each individual. However, in contrast to PCD, usually it is reversible [8, 54] . Therefore, a proper recognition of ciliary dyskinesia seems to be crucial for clinical prognosis, especially in young children. The differential diagnostics concerns three main approaches -the assessment of cilia function, the analysis of their morphology, and detection of presumable genetic abnormalities (Fig. 2) [12, 55] . Moreover, since patients with PCD, but not those with SCD, reveal low concentration of nitric oxide (NO) in exhaled air, this method may also be helpful in diagnostics of ciliary dyskinesia [56, 57] .
The assessment of cilia morphology
The morphological assessment concerns the analysis of cilia ultrastructure using transmission electron microscope (TEM), which is still considered as the "golden standard" [58] [59] [60] . The main problem in this approach is a sufficient amount of material, with enough number of cilia for microscopic evaluation. Therefore, since this method does not clarify the origin of ciliopathy, usually it engages the further diagnostic techniques.
Most recently, the cilia morphology and, in some extend, their biochemical composition may be assessed with the use of laser scanning confocal microscope (LSCM) [14, 16] .
The assessment of cilia function
The analysis of cilia function may be performed using both, in vivo and in vitro tests. The in vivo methods enable the assessment of mucociliary clearance by monitoring the effectiveness of mucus transport after application of some tracer, e.g. 99m Tc-labeled albumin, or formerly -saccharin [55, 62] . These methods, although highly sensitive in detection of cilia function abnormalities, do not allow to discriminate between primary and secondary dyskinesia. The in vitro tests concern the direct assessment of cilia motility in mucosal bioptates or cytological specimens of nasal epithelial brushing [63, 64] . The analysis requires the use of phase-contrast microscope with high-speed camera and focuses on cilia beats frequency and the pattern of their movement [59, 61] . The coordinated movement with normal pattern allows to reject the suspicion of dyskinesia. However, if abnormal, this finding has to be verified with additional tests.
Genetic assessment
The identification of any mentioned previously, known mutation in genes encoding for axoneme components allows the recognition of primary form of the ciliary dyskinesia [23, 25, 59] . However, the negative result of genetic assessment, although rather suggests the secondary dyskinesia, may not exclude univocally the possibility of PCD. It is due Chronic inflammation in the respiratory tract and ciliary dyskinesia to a fact, that the number of till now identified, PCD-related mutations is still increasing [23, 59] . Therefore, in case of recurrent symptoms of dyskinesia, which still exist despite elimination, or avoidance of potential trigger, it is recommended to perform further investigation. This may be especially important in individuals with abnormal results of other assays (including TEM and direct videomicroscopy) and/or in vitro culture.
In vitro culture -ciliogenesis test
As shown on a flowchart, in case of any problems with assessment of cilia morphology, or uncertain results of direct evaluation of cilia motility, a further diagnosis may require the use of in vitro culture method with the ciliogenesis test [6, 65] . Small biopsies of nasal or tracheal mucosa are microdissected and digested with pronase, to separate epithelium from a connective tissue. Alternatively, the epithelium specimens, collected with the use of diagnostic brush may be used instead, without the necessity of a treatment with protease. Epithelial sheets or dispersed epithelial cells are then incubated in culture medium, in humidified atmosphere, with 5% CO 2 , at 37°C. Some authors recommend the use of air-liquid interphase (ALI) method, as the maximally mimicking the physiological conditions [66] . The others prefer the dynamic three-dimentional in vitro culture in suspension [65, 67] . In the last method epithelial aggregates spontaneously form the spheroid-like shapes (Fig. 3A) . After several days of culture in mentioned conditions, the cilia start to regenerate (Fig. 3B, C) , thus allowing their further repetitive analysis.
Concluding remarks
Chronic inflammatory reaction in the respiratory tract may be associated with some defects in the morphology and function of pseudostratified ciliated epithelial cells. It is noteworthy, that the mentioned abnormalities, commonly known as ciliary dyskinesias, may represent various origin, depending on their molecular background. Thus, the genetically determined, irreversible aberrations in cilia structure, represented by primary ciliary dyskinesia, affect the mucociliary clearance and increase susceptibility to infection. On the other hand, the infection itself may result in impaired cilia function, that is associated with usually reversible condition, described as the secondary ciliary dyskinesia. Due to extremely different clinical prognosis, the proper identification of ciliary dyskinesia is of great importance. Despite the use of various methods, including genetical analysis, an univocal identification is not always possible. Recently, the increasing role play methods based 
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Katarzyna Grzela et al. on in vitro cultures of epithelial cells and analysis of de novo formed cilia. However, due to limited experience, this approach still requires further studies.
The authors declare no conflict of interest.
